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BACKGROUND: Inorganic arsenic (iAs) is carcinogenic to humans. Methylated metabolites of arsenic
(As) found in the urine could serve as potential tools for screening and early detection of cancer in
populations exposed to As. Relatively little information is available regarding changes in As methy-
lation profiles after cessation of As exposure.

OBJECTIVE: We examined the changes in urinary arsenic (uAs) species profiles over 15 years in a
cancer-free population that has ceased heavy and prolonged ingestion of As.

METHODS: In 1989, a cohort study was carried out with 1,081 adults who resided in three villages
in southwestern Taiwan where arseniasis was hyperendemic. After 15 years of follow-up, a subgroup
of 205 cancer-free participants had completed all interviews and had uAs methylation data available.
We used this group in our statistical analysis. Arsenic species were measured by high-performance
liquid chromatography-hydride generation-atomic absorption spectrometry.

RESULTS: We compared the initial analyses from 1989 with those performed 15 years later and
found that the average differences for the proportion of urinary iAs, monomethylarsonic acid
(MMAY), and dimethylarsinic acid (DMAY) were —4.90%, —6.80%, and 11.69%, respectively. The
elderly and those residents with longer periods of consuming high-As artesian well water exhibited
greater changes (decreases) in %MMAYV.

CONCLUSION: The As methylation profiles indicate increased efficiency in As metabolism in resi-
dents after cessation of long-term exposure to high-level As. Moreover, the decreased %MMAY was
more pronounced in the elderly cancer-free subcohort subjects.
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Arsenic is often present in water as inorganic
arsenic (iAs). Although commonly found
throughout nature, iAs is a human carcinogen
(International Agency for Research on Cancer
1980). Chronic As exposure has been associated
with a large number of other consequences,
including effects on neurologic, reproductive,
developmental, genotoxic, and immunologic
systems [Agency for Toxic Substances and
Disease Registry (ATSDR) 2000].

Blood, urine, hair, and nails are used to
assess As exposure and internal As levels in
humans. Arsenic is rapidly metabolized after
ingestion of iAs from drinking water and is
excreted mainly through the urine in humans
and most laboratory animals (Vahter 1999,
2000). The urinary arsenic (uAs) level or the
sum of As metabolites reflects the absorbed
dose of iAs on an individual level, which pro-
vides a better quantitative estimate of recently
absorbed As. Furthermore, it is a useful
marker for ongoing ingestion of As because
uAs methylation indices have been found to
be fairly stable for 8-10 months (Steinmaus
etal. 2005).

Blood As levels are not as reliable of an
indicator for monitoring chronic As expo-
sure in humans (ATSDR 2000) because As
is rapidly cleared from the blood in most
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animals (Marafante et al. 1982; Vahter and
Norin 1980; Yamauchi and Yamamura 1985).
Arsenic tends to accumulate in hair and
nails, but these samples may yield less accu-
rate results because of absorbed exogenous As
contamination on external surfaces (ATSDR
2000; Hindmarsh 2002).

Evaluation of As methylation efficiency
is primarily based on quantifying the relative
amounts of the different metabolites in urine.
After iAs ingestion, approximately 60-90%
of the exposure dosage is excreted in mam-
malian urine that consists of 10-30% As,
10-20% monomethylarsonic acid (MMAY),
and 60-80% dimethylarsinic acid (DMAY).
The process of As methylation is considered a
detoxification mechanism because the major
methylated metabolites, such as MMAY and
DMAY, are more readily excreted and less
toxic than is iAs. However, recent studies have
shown that higher urinary %MMAV is related
to the risk of skin and bladder cancers as well as
cardiovascular disease (Ahsan et al. 2007; Chen
et al. 2003a, 2003b; Hsueh et al. 1997; Huang
et al. 2007, 2008; Pu et al. 2007; Steinmaus
etal. 2006; Tseng et al. 2005; Yu et al. 2000).

After chronic high-level As exposure,
it may take substantial time to excrete the
As after cessation of ingestion (Dewar and

Lenihan 1956). Our previous studies showed
that individuals with higher cumulative expo-
sure to iAs in the past had higher levels of
urinary MMAY and DMAY, or %MMAY
(Hsueh et al. 1998; Huang et al. 2007). A
recent animal study found that after sub-
chronic exposure to As in mice, monomethyl-
arsonate preferentially accumulated in the
kidney, whereas iAs and dimethylarsonate
accumulated in the bladder (Kenyon et al.
2008). These data imply that the uAs spe-
cies profiles might be an indicator of chronic
high-level exposure to As in the past.

Endemic blackfoot disease (BFD) in south-
ern Taiwan and the switch from well water to a
tap-water system provides a unique opportunity
for determining the consequences of chronic As
exposure and subsequent cessation of As inges-
tion. Residents from the BFD area had used
artesian well water for more than 20 years when
they were recruited in 1989 for the cohort to
participate in the present study. This is the first
study to investigate the effects of long-term
As ingestion on the body after cessation of
chronic As exposure through evaluation of the
As methylation indices. The purpose of this
study is to examine the changes in uAs species
profiles over 15 years (1989-2004) in cancer-
free residents in the BFD area. The influencing
factors were also assessed in this study.

Methods

Study area and the study cobort. The original
study cohort has been described in detail in
our previous study (Chen et al. 1995). The
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present study was carried out in villages of
Chayi County that have the highest frequency
of BFD in Taiwan, with prevalence as high
as 13.6%, 9.6%, and 10.3% in the villages
of Homei, Fuhsing, and Hsinming, respec-
tively (Wu et al. 1961). Although a tap-water
supply system was implemented in the early
1960s, tap-water use remained low until the
early 1970s. However, by the mid-1970s arte-
sian well water was no longer used in this area
for drinking and cooking.

Residents > 30 years of age (n = 2,258)
were registered with the local household regis-
tration offices. Seventy percent of residents
were eligible for our previous study if they
were residing at least 5 days per week in the
study villages. Sixty-nine percent (1,081 of
1,571) of eligible residents provided informed
consent and became part of the original study
cohort. Home interviews with each participant
were conducted between September 1988
and December 1988. Participants were then
invited, on a voluntary basis, to undergo a
health examination, including the collection of
a urine sample in January and February 1989
(Figure 1A). The Institutional Review Board
of National Taiwan University approved our
previous study.

In August 2004, the original cohort resi-
dents from the 1989 study were invited to
participate in the Chayi Community Based
Integrated Screening (CCIS) program. The
CCIS program is an integrated model of
community-based mass screening and was
conducted between 2002 and 2007 in 17 vil-
lages and townships in Chayi County. The
flowchart of the recruited subcohort is shown
in Figure 1B. Of the 1,081 residents from the
original cohort, 72% (776) were invited by
postcard to participate in the CCIS program.
Thirty-two percent (247 of 776) of these
invitees participated in the CCIS program in
August 2004 and provided informed consent.
Each participant’s unique national identifica-
tion number was used to link to the comput-
erized National Cancer Registry in Taiwan for
the purpose of identifying diagnosed cancer
cases between 1989 and 2003. After exclud-
ing 17 subjects who had developed cancer
from 1989 to 2004, and another 25 subjects
who provided incomplete questionnaires, a
subgroup of 205 cancer-free residents of the
original study cohort was available for the
data analysis. The Institutional Review Board
of Taipei Medical University approved the
recruitment of the subcohort in 2004.

Questionnaire interview and determina-
tion of As exposure. The questionnaire inter-
view and the determination of As exposure of
subjects residing in the endemic BFD villages
of southwestern Taiwan have been reported
previously (Chen et al. 1995). Trained pub-
lic health nurses carried out the standardized
personal interviews based on a structured
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questionnaire between September 1988
and December 1988. In August 2004, sub-
cohort participants were interviewed similarly
through the same questionnaire again.

To determine the chronic As exposure
indices of residents living in different locales
with varying levels of iAs in well water, our
questionnaire included residential history
(e.g., villages of residence and duration) in
addition to duration and source of water
consumption. Arsenic levels in artesian well
water were obtained from previous research
of 155 well-water samples from 42 villages
with endemic BFD (Kuo 1964). The cumu-
lative As exposure (CAE) index was used in
our analysis to represent a cumulative dose of
As in each study subject to reflect individual
changes in residence, differing well-water As
concentrations, and varying length of water
consumption. The CAE was expressed in milli-
grams per liter-years (mg/L-year). It can then
be calculated by the following formula:

CAE =X (C; x D)),

where C; is the median As concentration of
well water (milligrams per liter) in the village
where the subject lived, and D; is the dura-
tion in years of well-water consumption while
residing in the village. The average As concen-
tration can then be calculated by the formula

X (C,x D)/ D,

The average arsenic As concentration and the
CAE could not be calculated with precision

Al

for 54 study subjects (26.3%) who had
returned or moved into the study villages after
they lived in other areas for several years. CAE
and the average As concentration for a given
subject were considered to be unknown if the
median As concentration of any village where
the subject had resided during his or her life-
time was not available.

The cigarette smoking information was
extracted from the questionnaires from both
study periods. Residents were defined as non-
smokers if they denied ever smoking in their
lives. Residents who smoked and never quit
between the two study periods were defined
as smokers. Those who quit cigarette smok-
ing before the 1989 interview or who had
quit between the 1989 and 2004 interviews
were defined as former smokers. Incident
smokers are those who were originally classi-
fied as nonsmokers at the 1989 interview but
had become smokers by the 2004 interview.
Recurrent smokers were those who were for-
mer smokers at the 1989 interview but had
become smokers again by the 2004 interview.
A total of 5 participants were incident (1) or
recurrent smokers (4) and were excluded from
the analysis.

Determination of uAs species. A high-
performance liquid chromatography/hydride
generator and an atomic absorption spectrom-
eter were used to measure urinary arsenite
(As"h), arsenate (AsY), MMAV, and DMAV.
Analytical methods for uAs species determi-
nations are reported in our previous study
(Hsueh et al. 1998). The quality assurance
and control of the laboratory protocol in the

2,258 residents (> 30 years of age)
were registered with the household

1,081 (100%) were invited to participate in health
examination during January and February 1989

registration office

687 (30%) were not eligible |

v

305 (28%) died during
February 1989-February 2004

1,571 (70%) were eligible and lived in
study villages > 5 days a week

v

776 (72%) were invited to participate in Chayi
community-based integrated screening (CCIS)

490 (31%) were not
interviewed in 1988

program in August 2004

| 529 (68%) did not participate |

1,081 (69%) were interviewed from
September to December 1988

247 (32%) participated in CCIS program |

v v

17 subjects who had
cancer in Tawain
cancer registry system
during 1989 to 2004
were excluded

25 subjects with
incomplete
questionnaires

205 healthy subjects were included in the analysis

Figure 1. Schematic overview of the recruitment of study subjects from three BFD-hyperendemic villages

in southwestern Taiwan: 1989 (A) and 2004 (B).
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urine sample measurements were similar in
1989 and 2004.

The As methylation indices are defined
as the percentages of respective uAs species
(As') AsV, MMAY, and DMAY) present in
urine samples, and U-Asmet is the sum of iAs
and its metabolites (iAs + MMAY + DMAY).
The primary methylation index (PMI) was
defined as the ratio between MMAY and iAs
levels, and the secondary methylation index
(SMI) was defined as the ratio between
DMAY and MMAYV. To quantify the changes

in uAs methylation profiles between 1989
and 2004, the differences were calculated by
subtracting the uAs methylation indices of
1989 from those of 2004.

Statistical analyses. We used chi-square
analysis to test for the association of categori-
cal variables and paired #test to compare the
uAs indices between 1989 and 2004. Analysis
of variance (ANOVA) and Scheffe’s post hoc
test were analyzed to compare uAs methyla-
tion indices among three or more groups.
Multivariate regression analysis was carried

Table 1. Distribution of demographic and lifestyle characteristics of the cohort and subcohort partici-

pants in the arseniasis area of southwestern Taiwan.

out to study the relationship between differ-
ences in urinary methylation profiles with
respect to age, sex, cigarette smoking status,
and chronic As exposure indices.

Results

In Table 1, we show the distribution of demo-
graphic characteristics and lifestyles of the orig-
inal cohort in 1989 and the subcohort of 205
cancer-free participants in the arseniasis area
of southwestern Taiwan in 2004. The cancer-
free participants were generally younger and
more educated than were the original cohort,
and they had lower CAE and shorter dura-
tion of consuming high-As artesian well water.

. 1989 cohort 2004 followed healthy Chi-square value Because chronic arsenic exposure increases the
Variable (n=1,081) subcohort (n=205) (p-value) risk of cancer (Chen et al. 1985, 1992; Wu
Age at enrollment [years, n(%)] et al. 1989), it is logical that the cancer-free

30-39 265 (24.51) 67(32.68) 18.37 (p<0.01) participants had lower cumulative exposure to
10-49 262 (24.24) 57 (27.80) arsenic in the pas.
50-59 365(33.77) 68(33.17) Table 2 presents intraindividual differ-
60-69 158 (14.62) 13(6.34) . .. .
ences in As methylation indices of residents
>70 28(2.59) 0(0.00) in 198 4 2004. G I ki
Data unavailable 3(0.28) 0(0.00) in 1989 and 2004. Generally speaking, sam-
Sex [ (%] ples collected in 2004 had lower %iAs and
Female 605 (55.97) 130 (63.41) 390(p=005)  %MMAY but higher %DMAY and SMI
Male 476 (44.03) 75(36.59) than did the urine samples collected in 1989.
Education level [ (%)] This finding suggests an overall increase in
Element_ary school or Ie_ss 880 (81.41) 152 (74.15) 6.13(p=0.01) As metabolism efficiency during the 15-year
Junior hlgh_school or higher 198(18.32) 53 (25.85) period. We found no difference in the urinary
Data unavalable = 3(0.28) 0(0.00 PMI of samples collected in 1989 and 2004.
Body mass index [kg/m?, » (%] We also provide the correlation coefficient:
<24 434 (40.15) 91 (44.39) 0.54 (p=0.76) € &80 provide the correlation cocticlents
21-77 316/(29.23) 60 (29.27) of uAs indices among healthy residents between
597 192 (17.76) 35(17.07) 1989 and 2004 (Table 3). The percentage of
Data unavailable 139 (12.86) 19(9.27) %iAs in 2004 was positively correlated with
Cigarette smoking status [ (%)] %MMAY in 1989 (r = 0.26, 2 < 0.001). The
Nonsmoker 831(76.78) 167 (81.46) 1.90 (p=0.17) correlation coefficient of %iAs in 2004 was
Smoker or former smoker 247 (22.85) 38(18.54) decreased with a %DMAY increment in 1989
Data unavailable = 3(028) 0(0.00) (r = -0.16, p < 0.05). We found a negative
Alcofolconsumptionlli .l correlation between SMI in 1989 and %iAs in
Never 938(86.77) 182 (88.78) 0.49(p=0.49) 2004 01 0.05). C Iv. SMI i
Current and former 140 (12.95) 23(11.22) (r=-0.17,p <0. 5);_ onversely, SVUL 1
Data unavailable 3(0.28) 0(0.00) 1989 de\r]n.onstrated a positive correlation with
Chronic As exposure indices (mean = SE) %DMA" in 2004 (r = 0.17, p < 0.05). )
Duration of high-As artesian well-water 21.45+0.42 17.21+0.84 p<0.00012 In Table 4, we demonstrate the inter-
consumption (year) individual difference of uAs species indices
Averag_e concentration of As in 0.59+0.01 0.55+0.03 p=0.16¢ stratified by duration of high-As well-water
artesian well water consumed (mg/L) ) consumption and age at baseline. The elderly
CAE (mg/L-year) 14.27+0.38 10.73+0.72 p<0.0001 (> 50 years) and those with a longer duration
Unavailable data were excluded in the statistical analyses. of high—As artesian well-water consumption
p-Value for Student ttest. (2 21 years) demonstrated significantly smaller
P A\
Table 2. Distribution of uAs species indices in 1989 and 2004. changes in %MMA .from 1989 to 2004 than
_ did the younger residents (< 50 years) and
Urinary samples subjects who had consumed high-As well
o 1989 2004 pValuefor  wwater for < 20 years.
Species |r1d|ces Mean SE Mean SE paired test Figure 2 depicts the interindividual differ-
uAs species level (ug/L) ences in uAs methylation profiles between 1989
iAs 485 030 1.42 011 <0.0001 and 2004 (calculated by subtracting methyla-
MMA 9.21 0.65 3.12 0.23 <0.0001 T
tion indices of 1989 from those of 2004). The
DMA 60.80 3.61 52.55 2.81 0.06 K . .
U-Asmet 7486 410 5708 297 <0.001 differences in As methylation profiles were strat-
Percentage of uAs species ified by age, sex, cigarette smoking status, CAE,
%iAs 7.69 0.55 279 0.19 <0.0001 and duration of high-As artesian well-water
%MMAY 12.56 0.56 5.76 0.36 <0.0001 consumption. As shown in Figure 2A, U-Asmet
%DMAY 79.75 0.84 91.44 0.43 <0.0001 levels dropped significantly more in males than
Pk/]ﬂll 2.74 023 4.56 1.40 0.24 in females (38.60 vs. 5.76 pg/L) and in former
S 5,86 0.66 4999 16.22 002 smokers than in smokers (62.4 vs. 12.69 pg/L).
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A multivariate regression model revealed
significantly greater changes in U-Asmet in
men than in women after adusting for age,
cigarette smoking status, and any one of the As
exposure indices (duration of high-As artesian
well-water consumption, average concentra-
tion of As in artesian well water consumed, or
CAE). Changes in %MMAV were influenced
by age and the duration of high-As artesian
well- water consumption (Figure 2B). The
older residents (= 50 years) showed a significant
decrease in %MMA" compared with younger
residents (< 50 years; 8.84% vs. 5.46%). The
difference among %MMAY in residents who
had consumed high-As artesian well water for
> 21 years was significantly higher than among
residents who had consumed high-As artesian
well water for 1-20 years (8.77% vs. 5.95%).
In addition, the %MMAV decreased further
with increasing age after adjusting for sex, ciga-
rette smoking status, and any one of the As
exposure indices.

Changes in intraindividual arsenic methylation profile

Discussion

‘This is a unique study population with data
on determinants of changes in uAs metabolite
profiles after cessation of exposure to high-
level As water (700 pg/L) for 30-45 years.
For the subjects in this study, the intrain-
dividual As methylation profiles appeared
to have become more efficient during the
15-year period. Other studies have demon-
strated that uAs methylation profiles remained
fairly stable for 5 days among an Argentinean
population exposed to As at 150170 pg/L
(Concha et al. 2002). Meanwhile, a study in
Utah demonstrated that profiles were stable
for 8-10 months after exposure to 20 pg/L As
(Steinmaus et al. 2005).

Repeated oral exposure of AsV (0.5 mg
As/kg) in mice had no effects on the uAs
methylation profiles (Hughes et al. 2003).
Therefore, in humans, other mechanisms may
be responsible for changes in As methyla-
tion profiles after chronic exposure to As via

Table 3. Pearson correlation coefficients of uAs indices between 1989 and 2004 among healthy residents.

2004
1989 %iAs %MMAY %DMAY PMI SMI U-Asmet
%iAs -0.02 -0.02 0.02 0.02 -0.09 0.00
%MMAY 0.26 0.03 -0.14 -0.11 -0.04 -0.09
%DMAY -0.16%* -0.01 0.08 0.07 0.08 0.06
PMI 0.09 0.10 -0.13* -0.04 0.05 -0.05
SMI —0.17** -0 0.17** 0.05 0.01 -0.02
U-Asmet 0.12% 0.03 -0.08 -0.06 -0.04 0.07

*0.05< p<0.1,**p<0.05%p<0.01.

Table 4. Differences or changes in uAs species indices stratified by duration of high-As artesian well-
water consumption [years (mean + SE)] and baseline age.

daily drinking water. The saturation of the
As methylation system may in part explain
changes in the urinary profiles. In a study
on four human volunteers, Buchet et al.
(1981) extrapolated that the methylation may
begin to become limiting at doses of about
0.2-1 mg/day. Because only limited studies
are available with very few subjects, data on
the saturation of the methylation system in
humans may not be well understood (ATSDR
2000). Nevertheless, we suspect, based on this
relatively small subset of previously published
data, that the As methylation profiles may be
stable if the As exposure is below a certain
threshold. Further research is needed to deter-
mine the effects of As exposure on human tol-
erance and consequences of disease burden.

In the present study, we found the sub-
cohort of cancer-free residents to be more efhi-
cient in methylating As (Table 2). One possible
reason was demonstrated in an animal study by
Kenyon et al. (2008), who found that mice
preferentially accumulate MMA in the kid-
ney after subchronic exposure to AsY in drink-
ing water. Whether cancer-free subjects in this
study also preferentially accumulate MMA in
the kidney and its potential effect on cancer
prevention remains to be seen. Another pos-
sible explanation may be related to renal func-
tion. Renal function is known to decline with
age in humans (Miihlberg and Platt 1999).
Renal function data were not available for this
study; therefore, we were unable to determine
its influence on the methylation profiles.

U-Asmet is a better index for estimating
As toxicity (Calderon et al. 1999) than is the

analysis of total As in urine because the lat-

<20 years > 21 years : .
Age <50 years Age > 50 years Age < 50 years Age > 50 years ter would. result. mna hlgher As level (Le et al.
Arsenic species (n=299) (n=17) (n=25) (n=64) 1994) by including nonharmful As forms such
%ihs 531104 13576 395137 1391067 as arsenobetaine, arsenocholine, and arseno-
%MMAY ~4.90+091* ~753+148 769+2.23 -919+119¢  sugars from seafood. U-Asmet was shown
%DMAY 10.48 +1.41 11.84+231 1159 £3.02 1358+133  in other studies to be highly correlated with
PMI 405+3.01 -1.75+1.24 0.04+ 159 —0.26 +0.47 the total As concentration in drinking water
SMI 5453 + 33.65 26.23 +8.27 25.23 +£15.03 28.7 +7.46 (W-TotAs; » = 0.86) (Kurttio et al. 1998). As
U-Asmet —10.66 + 5.52 -18.44 +9.16 —26.28 + 25.66 —25.28 +8.31 shown in Table 5, U-Asmet increased with
*p < 0.05 by ANOVA and Scheffe’s test. W-TotAs in all studies (» = 0.56). The greater
~100 # -16 *x #
o oAl B
= 80 - g -12
5= 10 =5 _
52 % 5 .§ 10
2 ;.; -50 8 8 -
3 40 S5 -6
5 -3 é =
£ 2 a
S -2
0 ) © - - = = = = = = 0 ) © - = = = = = = =
RN

2 Z § E Duration of consuming E g g 2 Z § E Duration of consuming E E g

s o 2 S high-As artesian well A e g 2 5 high-As artesian well TN

< < = water (years) - < < s water (years) =

CAE CAE

Figure 2. Changes in uAs species indices in 2004 versus 1989 (mean + SE). (A) U-Asmet level; (B) MMA percentage.
*p < 0.05 by multiple regression model, adjusted for age, smoking status, and any one of the As exposure indices. **p < 0.01 by t-test. #p < 0.05 by ANOVA and Scheffe's test. #p < 0.05 by
multiple regression model, adjusted for sex, smoking status, and any one of the arsenic exposure indices.
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decrease of U-Asmet in the cancer-free group
in this study could be due to the cessation of
the exposure.

The U-Asmet:W-TotAs ratios can be
used to represent the amount of As accumu-
lated in the body in relation to exposure to
chronic and high levels of As from drink-
ing water. If the urinary excretion of As is
100% attributable to the As intake, then the
U-Asmet:W-TotAs ratio will trend toward
1.0. The U-Asmet:W-TotAs ratio reported
in one study in Inner Mongolia was differ-
ent from other reported studies, possibly
because of differences in the handling of urine
samples (samples from this previous study
were exposed to 2 M sodium hydroxide and
heated at 95°C for 3 hr before the determina-
tion of uAs species; Pi et al. 2002). With the
exception of the Inner Mongolia study, the
U-Asmet:W-TotAs ratios ranged from 0.65 to
1.81 for populations exposed to As > 20 pg/L.
The U-Asmet: W-TotAs ratio was < 1 in a
Chilean population, which consumed water
with As concentrations > 500 pg/L (Chung
et al. 2002; Hopenhayn-Rich et al. 1996b).
Hopenhayn-Rich et al. (1996a) found that the
U-Asmet:W-TotAs ratio was 3.7 in Chile
after changing As levels in the drinking water
from 600 to 45 pg/L for 2 months. This find-
ing implied that As had accumulated in the
Chilean subjects after chronic and heavy
exposure to As through drinking water.

The As concentration allowance of public
water supplies in Taiwan was changed from
0 pg/L to a new standard of 10 pg/L in 2000.
Thus, the U-Asmet:W-TotAs ratios increased
from 1.50 (74.86/50) to 5.71 (57.08/10) dur-
ing the 15-year interval from 1989 to 2004.
We cannot exclude the intake of seaweed

that may have interfered with U-Asmet lev-
els. However, these residents had never left
their townships, and it was reasonable to
assume that they had not experienced any
dramatic changes in their dietary habits over
the course of this study. Our previous study
also did not find an association between fre-
quencies of dietary intake of fish, shellfish,
and seaweed and the levels of uAs species in
subjects who drank tap water. In addition,
As methylation patterns were similar before
and after refraining from eating seafood for
3 days (Hsueh et al. 2002). Therefore, the
U-Asmet:W-TotAs ratio increased, support-
ing the hypothesis that As accumulates in the
body of those individuals who had ever been
exposed to chronic and high levels of As from
drinking water.

Another interesting finding from the
present study was the more pronounced
decrease of %MMAY among members of the
elderly cancer-free subcohort. The age of the
cancer-free subcohort was highly correlated
with the duration of artesian well-water con-
sumption (7 = 0.62, p < 0.0001). Cellular As
adaptation is a dynamic process that is medi-
ated by redox homeostasis and recycling of
S-adenosylmethionine, as shown in a recently
published iz vitro study (Coppin et al. 2008).
Urinary and skin %DMAY was increased in
mice after repeated oral administration of As¥
(Hughes et al. 2003; Kenyon et al. 2008).
We suspect that the As adaptation among the
elderly cancer-free subcohort in the present
study may play a role in the significant drop in
%MMA" and requires further investigation.

The possibility of genetic contribution
to As methylation efficiency was also sug-
gested by studies of native women of the

Andes excreting low urinary levels of MMA
(2.3-3.5%) regardless of drinking water
As levels (Concha et al. 1998; Vahter et al.
1995). Polymorphisms of genes related to As
methylation may also contribute to the dif-
ferences in As methylation profiles. Studies
have shown that polymorphisms of MMA
reductase or As methyltransferase are related
to uAs methylation profiles (Marnell et al.
2003; Schmuck et al. 2005; Wood et al.
2006). Recently, polymorphisms of As meth-
yltransferase also have been shown to affect
the ratio of MMA to DMA in urine (Fujihara
et al. 2008; 2009; Hernandez et al. 2008).
Therefore, genetic controls over the regulatory
enzymes of As metabolism may partly explain
the substantial variations in As methylation
efficiency among different ethnicities.

Two novel As species, monomethyl-
arsonous acid (MMA™) and dimethylarsin-
ous acid (DMAM), were recently identified
in urine (Mandal et al. 2001; Valenzuela
et al. 2005). These two novel species were
thought to be the more toxic intermediates in
the biotransformation of ingested iAs (Styblo
et al. 2000; Thomas et al. 2001; Vega et al.
2001). The detection of the transient metabo-
lites of MMA™ and DMA™ depends on the
conditions of sample storage and their con-
centration in the urine, which was beyond
the analytical detection at the time of this
study in 1989. Thus, it is difficult to use these
trivalent As metabolites as a marker for this
study. Further investigations focusing on the
association between these highly toxic species
of As metabolic intermediates and clinical dis-
eases could be potentially meaningful.

Certain limitations of this study should
be noted. First, we had a low response rate

Table 5. Urinary arsenic methylation profiles in adult populations who were exposed to As through drinking water.

As concentration (um/L)

W-TotAs U-Asmet U-Asmet: Metabolite distribution (%)
Country No. (mean) (mean) W-TotAs ratio iAs MMA DMA Reference
Argentina " 200 261.0 1.31 26.0 2.3 72.0 Vahter et al. 1995
14 23 27.0 1.17 42.0 35 54.0 Vahter et al. 1995
37 210 233.02 1.1 14.02 3.12 83.02 Concha et al. 1998
110 210 272.02 1.30 12.02 7.42 80.0@ Schlawicke Engstrom et al. 2007
Chile 122 600 583.0 0.97 18.4 15.0 66.6 Hopenhayn-Rich et al. 1996b
98 15 61.0 4.07 14.9 10.6 745 Hopenhayn-Rich et al. 1996b
44 750 490.2 0.65 16.8 13.9 69.3 Chung et al. 2002
Mexico o) 408 739.8 1.81 31.8 13.7 54.5 Gonsebatt et al. 1997
34 30 34.0 1.13 7.7 5.2 87.1 Gonsebatt et al. 1997
10 17 28.0 1.65 16.4 15.0 67.1 Meza et al. 2004
9 8 311 3.89 25.4 9.3 55.6 Meza et al. 2004
10 5 308 6.16 229 7.5 47.7 Meza et al. 2004
Finland 35 170 58.00 19.0 9.0 67.0° Kurttio et al. 1998
9 <1 50 22.0° 9.0 59.0° Kurttio et al. 1998
Northeastern Taiwan 242 93 96.9 1.04 1.9 14.2 74.2 Hsueh et al. 2003
Taipei, Taiwan 313 10 255 2.55 55 79 86.6 Pu et al. 2007
Inner Mongolia, China 43 410 2,387.0 5.82 15.1 19.6 65.3 Pi et al. 2002
10 20 263.0 13.15 27.0 15.2 57.8 Pi et al. 2002
Bangladesh 1,041 96 133.00 1.39 15.8 12.6 70.7 Ahsan et al. 2007
24 373 484.0 1.30 18.5 17.1 64.3 Chowdhury et al. 2003
24 3 21.0 7.01 211 15.4 63.5 Chowdhury et al. 2003

aMedian. !Geometric mean.
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and limited sample sizes, a high proportion of
women, and the past As exposure among the
subcohort of 205 cancer-free participants was
low. Thus, it may not be possible to general-
ize or extrapolate the results of this study to
other populations. Second, the 15-year inter-
val is too long to exclude other factors that
might have influenced the As methylation
profiles, including As levels in drinking water
and other environmental sources such as sea-
weed, occupational exposure, and air contam-
ination. Nutritional status and dietary intake
may also be uncontrollable factors during
the long study interval. Arsenic methylation
involves the addition of a methyl group to iAs
or MMA. This one-carbon metabolism can
be influenced by dietary substances such as
cysteine, methionine, folic acid, vitamin By,
and choline in food (Ahsan et al. 2007; Chen
et al. 2007; Gamble et al. 2005; Schliwicke
Engstrom et al. 2009; Vahter 2007). Other
studies have indicated that, under normal
conditions, As methylation is not enhanced
by supplementation with methyl donors in
humans (Buchet et al. 1982) or in animals
(Buchet and Lauwerys 1987). Although no
data were available on the change in nutrition
status, we found that baseline body mass index
was not associated with changes in urinary As
methylation profiles (data not shown).

In conclusion, the As methylation pro-
files appeared to become more efficient among
subjects after cessation of long-term exposure
to high levels of As. Moreover, the decrease
of %MMAY was more pronounced among
elderly cancer-free subcohort subjects. These
results may have implications for As mediation
strategies in areas currently exposed to poten-
tially harmful levels of As in drinking water.
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